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Abstract 
 
The production of hydrogen by photocatalytic water splitting has attracted much, recently. 
Photocatalytic material requires two characteristics, capability of exciton generation and catalytic 
surface for hydrogen evolution reaction (HER). Since transition metal dichalcogenides (TMDs) 
satisfy these requirements, it has been investigated for their application as photocatalyst over the past 
few decades. The most popular TMD material, MoS2, has a two different crystal phase, 1T- and 2H- 
MoS2, and they have metallic- and semiconducting-properties, respectively. 1T-MoS2 shows 
outstanding catalytic effect for HER, and exfoliated 2H-MoS2 has a direct band-gap for light 
absorption. However, the photocatalytic efficiency of such TMDs nanosheets for hydrogen evolution 
reaction (HER) is still not enough for the practical use as catalyst, which is supposed to be caused by 
the inevitable restacking TMDs nanosheets during electrode preparation process. Moreover, the low 
conductivity of TMDs impedes the electrons transport upon HER. MoS2 based heterostructure with 
high conducting material has been regarded as a candidate to overcome these limitations. Therefore, 
the development of for scalable fabrication methods for MoS2 based heterostructure remains as an 
important challenge in TMD-based research field. Here, we present a facile synthetic method to 
fabricate TMD electrode on transparent electrode indium tin oxide (ITO) for PEC and characterization 
of TMD-based hybrid thin film. Monolayer of graphene oxide (GO) and MoS2 sheets were prepared 
by modified hummers method and n-butyllithium intercalation method, respectively. Then, TMD-
based films were deposited on ITO substrate by several methods; including Langmuir Blodgett, spin 
coating, spray coating and simple filtration method on Anodisc After annealing as-prepared GO film 
or using hydrazine reduction method to reduce as reduced graphene oxide (rGO), thin TMDs film was 
placed on rGO film by using spin coating or spray coating. In addition, membrane method we 
developed enables to fabricate thin film by simple filtration. The filtration is implemented with a 
target material to make a film on Anodisc. Then, the produced films were floated on the surface of 
KOH to remove Anodisc. Finally, it was able to be transferred to any substrate needed. The films were 
characterized by SEM, AFM, Raman and UV-Vis, which reveals that the TMD film was uniformly 
distributed on any substrate which is including another film fabricated by the same membrane method. 
We also demonstrated that the coverage of TMD on the substrate or film can be controlled by mass of 
the material in filtration step. We believe that further work with optimization of the photoelectrode 
structure will significantly enhance photocurrent efficiencies. Therefore, the future possibility to have 
hydrogen energy at a low cost, with clean material to the environment, seems to be closer, since most 
of the demands for an appropriate hydrogen evolution material are achieved by TMDs. 
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1. Study on TMD/Graphene based film fabrication and its energy application 
 
1.1. Brief introduction of Transition Metal Dichalcogenides 
 
Graphene is composed of amount of single layer of carbon formed as honeycomb lattice in two-
dimensional (2D). Dimensional carbon material has been fundamentally categorized by three-
dimensional (3D) of graphite, one-dimensioanl (1D) of carbon nanotubes, and zero-dimensional (0D) 
of fullerene. According to the development of exfoliation mechanism such as mechanical and 
chemical method, it has been started to reveal its extraordinary electronic properties and resulted in a 
great interest attracted from research and industrial fields. Graphene has boasted many intriguing 
properties
1
 including absorption of the white light spectrum up to 2.3 %, large surface area, 
extraordinarily thermal conductivity and young’s modulus. With these excellent properties2-3, wide 
range of application area such as high-speed electronic
4
 and optical devices
5
, energy generation and 
storage
5-7
, hybrid materials
8-9
, chemical sensors
2, 10
, and even DNA sequencing
11-13
 has been recently 
in the spotlight. An effort of demonstration for proof-of-concept device also has been on the boil so 
far. However, no band gap property of pristine graphene leads to difficulty for design of logical 
circuits used at ambient temperature with low standby power dissipation. This is demonstrated by 
graphene Field Effect transistors (FET) rendering a small on/off current ratio
14
. To design these kinds 
of applications, a variety of factors are likely to open the possibility, one of those is the mass 
production of graphene by systemically controlled condition. This is because amount of graphene 
layer and their defect in each layer enormously affect the following transport properties. For this 
reason, many synthetic method have been devised and studied which includes mechanical exfoliation, 
liquid-phase exfoliation, reduction of graphene oxide, chemical vapor deposition (CVD), surface 
segregation
15
, and molecular beam epitaxy (MBE)
16
 for preparation of proper graphene layers to be 
used in various application fields. In spite of several studies going on, seek for solution to overcome 
control problem of the structure and number of graphene sheet on all of the target substrate still has 
been considered as the biggest challenge
17
. Therefore, many researchers are striving to find the 
optimal way to develop the production process with recognition of intrinsic properties of graphene. 
Recently, importance of graphene is largely highlighted to be used for application as opto-, photo-
electronics by integrating into the Si based materials. 
Since the report of the intriguing properties of graphene, a vibrant research area on two-dimensional 
(2D) layered materials has emerged during the past decade. Transition metal dichalcogenides (TMDs) 
represent an alternative group of 2D layered materials that differ from the semi metallic character of 
8 
 
graphene. This special issue is about 2D TMDs, the common form of MX2 comprised of a group of 
material involving over 40 compounds. M indicates typical transition metal from group 4 to 7, 
otherwise X is composed of chacogen atoms. The form of TMDs has been closely investigated for a 
long time, because it has a potential to combine compounds with various structures which exhibit 
electronically different properties. MX2 materials are coupled with van der waals forces, in other word, 
interlayer are partially influenced by strong forced bonding and weak forced bonding. The TMDs is 
built with each single layers composed of three atomic layers. In the individual layer, the transition 
metals are sandwiched by two atoms of chalcogens. In natural condition, chalchogens formed as MX2 
have stability by saturated state and to conclude, are weak reactive. Moreover, sandwiched layers are 
bonded by weak van der walks forces, thus facilitating to be exfoliate along the individual layers of 
bulk forms by a variety of exfoliation or bottom-up method
18-19
. They exhibit diverse properties that 
depend on their composition and can be semiconductors (e.g., MoS2, WS2), semimetals (e.g., WTe2, 
TiSe2), true metals (e.g., NbS2, VSe2), and superconductors (e.g., NbSe2, TaS2)
20-21
. Furthermore, the 
isolation of monolayers of TMDs leads to the dramatic changes in their properties, primarily due to 
the confinement of charge carriers in two dimensions (x- and y-directions) due to the absence of 
interaction in the z-direction. Thus, single layered nanosheets are two-dimensional materials that 
possess dramatically different fundamental properties compared to their bulk counterparts. The 
properties of TMDs can also be tailored according to the crystalline structure and the number and 
stacking sequence of layers in their crystals and thin films
22-26
. Therefore, it is important to learn to 
control the growth of 2D TMDs structures in order to exploit their properties in energy conversion 
and storage
27
, catalysis
28
, sensing
29
, memory devices
30
, and other applications. 
 
 
1.1.1 Characteristics of TMDs 
 
3D MX2 compounds are considered as intriguing materials, recently. They exhibit a variety of 
valuable properties such as semiconductivity, half-metallic magnetism
31
, superconductivity
32
, or 
charge density wave subjects. Figure 1.1 shows the band structures of bulk and few- to mono layer 
of TMDs; many TMDs have band structures with analogous general features. Bulk material has an 
indirect gap of about 1.2 eV, in contrast, isolated monolayer is a direct gap semiconductor having a 
bandgap of about ~1.9 eV. A most distinct feature is the broadening bad gap with decreasing atomic 
layers because of the quantum confinement effect, which leads to a crossover from and indirect gap 
in bulk materials to a direct gap at the limit of single layers. The transition manifests as enhanced 
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photoluminescence (PL) in monolayers of TMDs. The bulk TMDs exhibited negligible PL, whereas 
few or monolayer TMDs nanosheets showed pronounced emissions such as MoS2 (figure 1.2) 
arising from the direct excitonic transition at the Brillouin zone K point. It was also shown that the 
PL intensity was inversely dependent on the layer number of MoS2 nanosheets, and the monolayer 
displayed the large PL intensity and highest quantum efficiency.  
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Figure 1.1 Band structure in bulk, quadrilayer (4L), bilayer (2L) and monolayer (1L) MoS2 from left 
to right. 
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Figure 1.2 Phtoluminescence (PL) spectra normalized by Raman intensity for MoS2 layers with 
different thickness. 
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1.1.2 Phase transition of TMDs 
  
MoS2 which is the one of TMDs in nature is 2H phase as bulk structure. However, 1T phase was 
revealed over decades ago in intercalation of alkali-metal such as K or LI for exfoliation of TMDs
33-36
. 
Intercalation of TMDs renders expended spacing of the inerlayer that happened by solvation and 
reduction of intercalants result in exfoliation into isolated layers
37-40
. These monolayers are made up 
of large fraction of the 1T phase
24, 41
. Charge transfer given by the alkali atoms to the nanosheets result 
in the transition from the 2H phase to the 1T phase during intercalation. Density of states at the Fermi 
level is attributed to this additional charge, rendering material metallic. The thermodynamically stable 
2H phase in TMDs shows the trigonal prismatic structure and exhibit semiconducting as shown in 
Figure 1.3. It is named as the 2H phase because the unit cell extends into two basal planes which are 
applied to monolayered TMDs. In contrast, 1T phase, coordinated by the octahedral metal-ion, has 
metallic properties and do not make a form of minerals in nature because of its meta-stability. The 1T’ 
phase is a distorted form of the 1T phase.  
 To gain specific information, crystal mean field theory shows that the d orbital splits into 3 
degenerate states; completely occupied dz
2
, dx
2
-y
2
,xy and unoccupied orbitals dxz, dyz with an energy gap 
of ~1 eV between the dz
2
 and dx
2
-y
2
-xy orbitals. For 1T phase, the d orbitals split into two groups: three 
degenerate dxy,xz,yz orbitals filled with two electrons; and the unoccupied dz
2
 and dx
2
-y
2
. The incomplete 
occupation of the dxy,xz,yz orbitals result in 1T phase metallic properties and make it unstable state. 
Whereas, the fully occupation of the dxy,xz,yz orbitals through additional electrons from dopants 
stabilizes the 1T phase, otherwise destabilizes the 2H phase, thus allowing phase conversion to 
occur
41-43
.  
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Figure 1.3atomic model images of the different MX2 transition metal dichalcogenide phases (M = 
transition metal, X = chalcogen). 
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1.2. Transition metal dichalcogenide for hydrogen evolution reaction 
 
1.2.1 Synthesis of layered TMDs 
 
2D layered TMDs has great interest for various application such as nanoelectronic devices, energy 
storage devices, and as catalyst. Group 6 TMDs, especially WS2 and MoS2, forming vertically stacked, 
is coupled by weak van der waals forces thus allowing the crystal to readily cleave along the layer 
surface. Monolayers of TMDs sheets are able to be produced by same method which is used for 
graphene sheet such as mechanical exfoliation with scotch tape and chemical exfoliation
24, 44-46
. In 
addition, MoS2 films can be grown by Chemical Vapor Deposition by using precursors such as MoO3 
and S powder
47-48
. Another method is a hydrothermal reaction using Na2MoO4 and SC(NH2)2
19, 49
. In 
the chemical exfoliation method, monolayers of MoS2 are attained by using liquid exfoliation in a 
solvent by direct sonication, Li intercalation with n-Butyl lithium, or lithiation by electrochemical 
reaction. An intriguing feature is the transition from semiconducting 2H phase to metallic 1T phase 
attributed to Li intercalation. The additional electron transfer from alkali atoms like Li to the transition 
metal during intercalation process lead to distortion of intrinsic crystal structure. Li-intercalated MoS2 
tends to adopt a more stable octahedral coordination
50
. This conversion from 2H to 1T is noticeably 
important factor for the hydrogen evolution reaction, which will be treated further in chapter 1.2.2. 
 
1.2.2 Catalytic activity of TMDs for hydrogen evolution reaction (HER) 
 
HER activity has been studied on bulk MoS2 since 1970s
41
. The identification of potential and low-
cost catalytic material for the HER has treaded the new path of knowledge for TMDs. However, their 
bulk form has not been very efficient in the HER because of the large internal resistance. In contrast, 
nanostructures of TMDs exhibited much better HER performance than their bulk counterpart and 
therefore have recently gained great attention for HER catalytic activity. Raybaud and coworkers 
found, using density functional theory (DFT) calculation methods, which the edge of MoS2 can offer 
as an active site
51
. Moreover, Hinnemann and coworkers have calculated and found that the hydrogen 
adsorbing free energy of MoS2 by considering the edge and reported free energy ~0, which is the 
closed to previous studies
52
. This report was also experimentally verified by Jarmaillo and coworkers. 
This group synthesized MoS2 nanoparticles on Au (111) and correlated the exchange current density, 
which is an inherent measure of activity for the HER, with two sample parameters; i.e., MoS2 area 
15 
 
coverage and MoS2 edge length
53
(Figure 1.4a). They found that the exchange current density is 
propotionally dependent on the edge length, demonstrating that the edges of the MoS2 were highly 
catalytically active, while no dependence on the surface area of MoS2.whereas, Damien et al., by 
oxidizing the edge of 1T and 2H Mos2 showed that activity of 2H MoS2 for the HER noticeably 
decreased, in contrast, 1T MoS2 remains unaffected after oxidation.
54
 
Another approach to improve the HER activity is to enhance the density of the active site and 
inherent catalytic activities of TMDs
55-58
. Kibsgaard et al., synthesized a mesoporous MoS2 thin film 
with a high degree of surface curvature by hindering formation of the extended basal plane. The 
morphology with a nanoscale radius of curvature facilitated to expose more active sites. Despite this 
modified approach, there is a limitation of number of active sites at the surface. This limitation has 
been overcome by changing surface structure such that the high surface curvature of this catalyst 
exposed large fraction of edge sites, leading to excellent activity with an onset potential of -0.2 to -
0.15 V vs. RHE and a Tafel slope of 50 mV/dec for the HER. In addition, Chen’s group produced 
MoSe2 films with perpendicularly aligned layers that maximally exposed the edges on the film 
surface
59
 (Figure 1.4b). 
 Another important factor to increase the catalytic activity of TMDs for the HER is enhancing the 
carrier kinetic and transport. This can be achieved by increasing the conductivities of TMDs by 
phase transition 2H to 1T TMDs
41, 60-61
. Lukowski et al., have obtained chemically exfoliated 1T WS2 
nanosheets assisted b microwave intercalation from nanostructures synthesized by CVD. The 
metallic WS2 showed outstanding HER activities with a current density of 10 mAcm
-2
 and an 
overpotential of about -0.14 V
61
. Similarly, chemically exfoliated 1T MoS2 by lithium intercalation 
from 2H MoS2, showed noticeable difference compared with 2H MoS2. 1T MoS2 exhibited much 
better performance for HER than 2H MoS2 (Figure 1.4c).  
 
1.2.3 The use of TMDs in water solar splitting 
 
Hydrogen is the highest energy density carrier per unit weight and is also a renewable and clean 
source of energy. Using hydrogen produces pure water (H2 + O2  H2O + 237 kJ/mol), in contrast, 
the combustion of fossil fuels emits a large amount of CO2. Since hydrogen can be stored by various 
methods, including high pressure, cryogenics, and as chemical compounds, and transported to be used 
on demand, it is considered a sustainable source of energy to meet the future global energy demand
62-
65
. At present, fossil fuels majorly mostly are used to produce hydrogen. Otherwise, other plentiful 
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resources including water and sunlight are required to use for production of hydrogen; electrolysis and 
thermolysis. Moreover, photocatalytic and photoelectrochemical (PEC) water splitting have attracted 
great attention as methods for hydrogen production on a large scale, because sunlight is an 
inexhaustible and accessible source thus making energy from sunlight for all day and all of days in a 
week. The water splitting reaction is commonly comprised of three steps. (1) band gap absorption of 
photons and generation of electron-hole pairs occur at the first step. When the energy of incident light 
is higher than energy band gap, generation of electron and holes respectively arise in the valence 
bands and conduction band. (2) Continuously, charge separation and movement were rendered carriers 
by photogeneration called photogenerated carriers. In this case, thickness and size of material are 
considered as critical factor to the photocatalytic activity. For example, thickness or size is thin and 
small, the photogenerated carriers are not necessary to migrate to long distance to approach the 
electrolyte or opposite electrode thus allowing low possibility of recombination of carriers. 
Accordingly, study of excellent quality for materials has been focused by many researchers. (3) the 
last step is composed of actual reaction including reduction and oxidation reaction of water, called 
redox reaction, at the surface of photocatalyst by photogenerated carriers
66
 Hence, to achieve high 
efficiencies in these processes, selection of appropriate photoelectrode materials and subsequent 
synthesis of high-quality materials with nanoarchitecture are very important. 
Recently, 2D TMDs have received great attention for solar water splitting and electrocatalysis with a 
wide range of electronic, optical, mechanical, chemical, and thermal properties that have been studied 
for decades. Furthermore, there has been a resurgence of scientific and engineering interest in the 
atomically thin 2D form of TMD for application of electrochemistry and photoelectrochemistry, 
sensors, energy storage and electronics devices, optoelectronics
67-70
. The catalytic activities of 
nanostructure 2D TMDs towards the HER makes it a promising candidate to replace noble metals in 
catalysis, which would expand and enrich the family of material suitable as efficient HER catalysts. In 
addition, suitable band gap of TMDs for solar spectrum absorption and its photocatalytic stability 
against photocorrosion
71-72
, group 6 TMDs including MoS2 have constantly considered as noble 
photoelectrode material for photocatalysis and photoelectrochemistry. Previous studies on PEC solar 
cell with MoS2 bulk single crystal photoanodes exhibited energy conversion efficiency of up to 6 %
73
. 
In case of MoS2 served as sensitizer for photocatalysis on wider gap semiconductor such as TiO2, it 
was possible to enhance production of hydrogen
74
 and degradation of organic molecules
71, 75-76
. As an 
extension of MoS2, WS2 and WSe2 particles have also known to be great photosensitizers to TIO2 
surfaces in analogy to quantum dot sensitization
77
 (Figure 1.5). 
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1.2.4 Necessity of TMDs/Graphene based hybrid material for HER 
 
Hydrogen, an important energy carrier, has been widely used as a fuel in energy conversion 
technology to meet the increasing demand for sustainable energy. An effective hydrogen evolution 
catalytic activity is generally depending on various catalysts in electrochemistry and photo-
electrochemistry. However, owing to the high cost and scarcity of Pt and the degradation in activity 
during operation, alternative catalysts based on earth-abundant materials are highly desirable for high 
catalytic activity in order to replace Pt-based catalysts. Recently, TMDs has gained great attention as 
potential catalyst for HER. Although TMDs has outstanding catalytic activity, it has the intrinsic low 
conductivity, together with poor contact between the lying nanosheets and the current collector, 
interrupt the transport of electrons upon HER, decreasing the catalytic efficiency. Therefore, the 
combination of MoS2 and graphene based material exhibits exceptional electron transport properties, 
therefore can be quite beneficial method to overcome these problems
59
. Moreover, the stabilization of 
small MoS2 sheets on graphene based material surface provide a simple way to maximize the number 
of edge site. In addition, Layered TMDs can be converted from metals to semiconductors, or vice 
versa, by phase transition. It allows absorbing the widest region of solar radiation and the transition 
between valance band maximum and conduction band minimum changes from indirect to direct. Most 
TMDs have suitable valance and conduction band edge position with respect to oxidize and reduce 
water. These tunable electronic properties of TMDs by phase transition or hybrid material
78
 make 
them the primary choice to combine with other catalytic materials to enhance the efficiency of water 
splitting ability. In this regard, Liu et al,. reported that the heterostructure of MoS2/CdS on ITO glass 
exhibited an excellent photocathode current density around 28 mA/cm
2//
. Therefore, these hybrid 
systems can enhance the electrical and physical properties compared to that of an individual material 
(Figure 1.6)
79
. 
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Figure 1.4 (a) Upper : Polarization curves of H2 evolution  on all samples (Left) and Tafel plots (Right) 
in a cathodic potential for five different, Bottom : Exchange current density versus MoS2 area 
coverage (Left) and MoS2 edge length (Right); (b) Upper : Schematic illustration of perpendicularly-
oriented TMD nanosheets/GN hybrids and electron transport, bottom : polarization curves of the 
samples; (c) Left : the structure of 2H-MoS2 and 1T-MoS2 , Right : polarization curves of chemically 
exfoliated and as grown MoS2. 
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Figure 1.5 (a) Schematic illustration of MoS2/G-CdS composites and H2 evolution reaction, HRTEM 
images of the corresponding sample; (b) Photocatalytic H2 production activities of CdS, MoS2/CdS, 
optimized MoS2/G-CdS, graphene/CdS, and Pt/CdS (0.5 wt%) with their highest H2 gneration for 
1hand (c) their amount of H2 generation in 5h; (d) photocatalytic cycling behavior of samples per hour. 
 
 
a
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Figure 1.6 (a) Schematic illustration of formation of a p-n junction when MoS2 contacts CdS, (b) j-t 
curves of a CdS, b 1 CBD, c 2CBD, d 5CBD, and e 10CBD MoS2/CdS in 0.50 M Na2S/Na2SO3 
solution. 
 
 
 
 
 
a b
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1.3.  Experimental section 
 
1.3.1 Synthesis of starting material 
 
1.3.1.1 Exfoliation of MoS2 by lithium intercalation and graphene oxide 
 
In the case of TMD based photoelectrode, scalability still remains a large challenge, although TMDs 
has promising photocatalytic and PEC properties. Growth of bulk single crystals has been dis-
advantage for photoelectrode such as slow, energetically costly and the typically small crystal sizes. 
Many studies on thin film deposition by sputtering and evaporation offer potential routes to scaling up, 
crystal quality is often compromised
73, 80-82
. Chemical synthesis of TMD nanoparticles is so far limited 
by lack of control of particle structure and scalability. However, atomically thin sheets of TMDs offer 
solution based scalable production and deposition
19, 24, 83
. Chemically exfoliation of bulk TMDs 
facilitates to produce monolayer TMDs in aqueous colloidal suspensions
34
. Exfoliated sheets in the 
solution can be readily fabricated as a film uniformly over large areas or hybridized with other 
material. For these reason, this exfoliation method was adopted in our experiment. 
Lithium intercalation was carried on immersing 0.3 g of natural MoS2 crystals (Sigma-Aldrich) in 3 
mL of 1.7 M butyllithium solution in hexane (Sigma-Aldrich) for 2 days in a flask filled with argon 
gas, simultaneously flask heating in water at 90 
o
C. The LixMoS2 was regained by filtration and 
washed with hexane (180 mL) to get rid of excess lithium and organic residues. Exfoliation by bath 
sonication LixMoS2 in water for 1 h was implemented followed by washing step to avoid de-
intercalation within 30 min. The mixture solution was centrifuged several times to separate excess 
lithium in the form of LiOH and unexfoliated material. Graphene oxide was prepared from graphite 
powder by the modified Hummer’s method84. Exfoliation procedure is shown in Figure 1.7. 
    
2.3.1.2 Characterization of starting material 
 
The starting material was characterized by scanning electron microscopy (SEM), Raman spectro-
meter, Atomic force microscopy (AFM) , UV/Vis spectrometer and X-ray photoelectron spectroscopy 
(XPS) (Figure 1.8),(Figure 1.9). 
22 
 
 
 
 
 
 
 
 
 
 
Figure 1.7 (a) Schematic illustration of TMD exfoliation by lithium intercalation and (b) Hummer’s 
method to prepare graphite oxide. 
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Figure 1.8 Characterization of MoS2. (a) SEM and (b) AFM image of exfoliated MoS2 (Thickness ~ 
1.1 nm); (c) Raman spectra and (d) UV-vis absorption spectra of monolayer MoS2  
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Figure 1.9 Characterization of GO prepared by Hummer ’s method. (a) SEM and (b) AFM image of 
exfoliated MoS2 (Thickness ~ 0.9 nm); (c) Raman spectra and (d) UV-vis absorption spectra of 
monolayer GO  
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1.3.2 Fabrication methods of TMDs/Graphene based hybrid materials for PEC cell 
 
1.3.2.1 Spin coating of MoS2 on graphene based materials 
 
MoS2/Graphene based material was fabricated by spin coating. In this case, Graphene based 
materials were composed of CVD graphene, graphene oxide and TBA graphene oxide. (1) Graphene 
films were grown on Cu foils in a hot furnace. Initially, Cu foil was first annealed in hydrogen 
atmosphere at 1100
o
C, and then a mixture of H2/CH4 was introduced into the system to initiate the 
graphene growth
85
. After the growth of CVD graphene on Cu, it was transferred to ITO on the glass 
substrate. (2) Langmuir Blodgett assembly was applied for graphene oxide (GO) thin film on ITO 
substrate. The mixture of GO sheets in deionized (DI) water/methanol with optimized ratio of 1:5 (v/v) 
was used for spreading GO sheets on a water surface rapidly. Followed by GO sheets on a water 
surface, these sheets were packed by pressure and retrieved on ITO substrate by dipping
86
. (3) GO 
sheets decorated with tetrabutylammonium ions (TBA GO), which our group revealed, was spin 
coated on ITO substrate. The graphite oxide gel (20 mg) was immersed in Tetrabutylammonium 
oxide/H2O (20 mL, 1:3 v/v) for 3days. It was then dialyzed for 2 days, and centrifuged to separate out 
single layer from unexfoliated layers. Monolayer of TBA GO was achieved by spin coating at 2500 
rpm. After fabrication of Graphene based material on ITO glass substrate, monolayers of MoS2 were 
deposit on each graphene based film, respectively. Contents of monolayer MoS2 sheets on the 
graphene based film were controlled by changing the number of spin coating counts 
. 
1.3.2.2 Facile vacuum filtration for suspended uniform film 
 
 Uniformly suspended thin film was prepared by facile vacuum filtration. There were two type of 
hybrid film; (1) Multi-component hybrid film: Monolayer MoS2 sheets in the solution exfoliated by 
lithium intercalation and modified reduced graphene oxide (rGO) were mixed together in aqueous 
solution. rGO sheets were prepared from Hummer’s method GO84 by hydrazine reduction87. Mixture 
solution was filtrated by vacuum filtration on Anodisc (Whatman). This Anodisc where the sample 
placed on was floated on 1 M potassium hydroxide in water to remove Anodisc. After removing the 
Anodisc, suspended hybrid film on KOH solution was transferred to deionized water surface to be 
washed residual ion from KOH and Al2O3. Followed by washing step, produced film was transferred 
to various substrates including ITO conductive glass. (2) Layered structure: Each layer such as MoS2, 
26 
 
WS2 and rGO was stack on the ITO glass step by step, respectively.  
1.3.2.3 Photoelectrochemical measurement 
The PEC performance was explored in a three-cell electrode system under front-side illumination of 
AM 1.5G. An Ag/AgCl electrode and a Pt mesh were used as a reference and a counter electrode, 
respectively. A solution of Na2SO4 was used as an electrolyte. Photocurrent stability tests were 
carried out by measuring the photocurrent produced under chopped light irradiation (light/dark 
cycles of 100s) at a bias of 0.8 V vs Ag/AgCl. Light by a Xe lamp provides illumination through a 
PEC cell. 
1.4 Results and discussion 
In this work, we investigated the preparation hybrid films by various approaches. Ultimately, hybrid 
films were prepared, namely, multi-component hybrid film (e.g., 1T MoS2/2H MoS2 2H WS2/rGO/ 
ITO) and multi-layered film (e.g., 1T MoS2/2H WS2/2H MoS2/rGO/ITO) by facile vacuum filtration. 
To reach this fabrication methods, many approaches were investigated which will be discussed in 
chapter 2.4.1. PEC measurement of TMD/Graphene based hybrid films was explored with produced 
film prepared by various methods. The structural and chemical properties of these PEC cells were 
studied by spectroscopic and microscopic techniques and compared with information attained from 
the single component material. This study will tread the path of knowledge for allowing us to design a 
new TMD based hybrid film based on photocatalytic and PEC to enhance catalytic activity for HER. 
1.4.1 Optimization and Characterization of TMD/Graphene based hybrid film 
 Scanning electron microscopy (SEM) and Atomic force microscopy (AFM) investigation were 
carried out to study the microscopic structure of the prepared materials. As shown in Figure 1.10, 
MoS2 sheets were not placed on the CVD grown graphene. To be precise, Raman mapping was also 
used for confirmation of MoS2 absence on CVD graphene. Black particles on the film were assumed 
residues remained by PMMA from transfer process. When MoS2 sheets in water based were spin 
coated on CVD graphene on ITO substrate, MoS2 sheets were scattered by hydrophobicity of 
graphene
88
. To overcome this hydrophobicity problem of CVD grown graphene, graphene was 
replaced by GO. Langmuir Blodgett method (LB) was carried out to prepare uniform GO film (Figure 
1.11). The film was well packed by monolayer of GO sheets (thickness ~1.1 nm), and also MoS2 
sheets were place on GO film (thickness ~0.9 nm) as shown in SEM, AFM and Raman mapping 
image. In this case of preparation for hybrid film, density of MoS2 sheets on GO film was not 
controllable over certain amount. This is demonstrated by repulsion force between GO and MoS2. 
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Both sheets are well known to have a negative charge
89
. MoS2 sheets exfoliated by lithium 
intercalation are known to include partial fraction of LixMoS2 not washed. These regions cause 
negative charge induced by Li
+
 cations
90
. PEC measurement was implemented with annealed 
MoS2/LB GO hybrid film, light response did not appear because of low density of MoS2. Therefore, 
TBA GO was used to reduce the negative charge on the surface of GO. MoS2 sheets on TBA GO 
increased but still not enough to show light response (Figure 1.12). These spin-coating MoS2 methods 
were not appropriate to apply for PEC owing to density of MoS2, but these hybrid films are potential 
structure for other application such as flexible device, electrochemistry, etc. 
 In order to practically use the hybrid film for PEC, facile vacuum filtration method was adopted. 
Vacuum filtration method was devised from the fact aluminum oxide, which Anodisc is made by, is 
easily etched by KOH
91
. The etching process is supposed to be as follows. 
Al2O3 + 2KOH + 3H2O → 2K[Al(OH)4] (eq. 1) 
This method has three advantages (Figure 1.13). First of all, it can facilitate to control the thickness of 
films by modifying concentration of the target solution of filtration. As shown in the AMF image, It 
can fabricate thickness of MoS2 film of about 2.5 nm. This thickness has a potential to apply into 
flexible device not only PEC cell. Moreover, this type of thin film can be scaled up with radius up to 
~2.5 inch scale. In previous for PEC cell’s preparation, scalability remains a common challenge for 
TMD-based photoelectrode. Preparations of photoelectrode so far were slow, and had low cost-
efficiency because of energetically costly process. Therefore our vacuum filtration method is notable 
method in PEC study field. In addition, the film facilitates to be transfer to various substrates. When 
the sample was necessary to be annealed at high temperature to conversion 1T MoS2 to 2H MoS2, it 
could not be implemented on glass substrate at 500 
o
C by using glass substrate. Likewise, it is 
important to secure the possibility of using various substrates for sampling. With these strengths of 
this method, phase transition of MoS2 film was successful (Figure 1.14). However, when this vacuum 
filtration method was used for hybrid film for PEC, two problems was caused; (1) GO/TMD hybrid 
film: when the hybrid film on the KOH in water solution, graphene sheets were immersed into the 
solution (Figure 1.15a). Intrinsic properties of GO which is hydrophilic caused this problem, so that 
the film cannot be transferred to substrates. To solve this problem, rGO was used. (2) rGO/TMD 
solution: when rGO solution was mixed with MoS2 solution, aggregation occurred (Figure 1.15b). 
This aggregation, initially, was considered to be caused by difference of charges on the sheets surface, 
but there was not big difference confirmed by zeta potential (Figure 1.15c). It is still ongoing our 
research. By control hydrazine volume which is conventionally used for modification of reduction 
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degree of GO
87
,so that well mixed solution of MoS2/rGO could be prepared to progress to multi-
component hybrid film in a film. Although reduction degree of GO had a difference, properties of 
rGO was not big different between partially rGO (P-rGO) and as prepared GO. Reduction degree was 
demonstrated by XPS and EDS data such as C/O ratio (Figure 1.15d). Uniformity of sheets between 
P-rGO and as pre-rGO was shown by SEM and sheets resistance (Figure 1.16). As shown in SEM 
image, MoS2/P-rGO film shows very uniform and flat surface, in contrast, there were many particles 
on MoS2/As pre-rGO hybrid film which indicates aggregation of sheets. These particles induced high 
sheet resistance compared with MoS2/P-rGO hybrid film. By spreading out rGO sheet through all of 
the film attributed to well mixed solution, sheet resistance was exhibited low as shown at MoS2/P-
rGO, In other word, rGO sheets assist to increase conductivity in the interlayers.  
1.4.2 Photoelectrochemical characterization 
 Firstly, the photoelectrochemical catalytic behavior toward HER of the MoS2/P-rGO, MoS2/as pre-
rGO, multi-component hybrid film and multi-layered hybrid film were investigated. All cases of 
hybrid film in this measurement Indium tin oxide on glass was used as substrate. The comparison 
between MoS2/P-rGO and MoS2/as pre-rGO was presented to emphasize the important of well-mixed 
solution for filtration. Figure 1.17 shows the polarization curves of two hybrids film with difference 
from distribution of rGO sheets in the layer. MoS2/P-rGO exhibit higher current densities than 
MoS2/as pre-rGO film. This result can be attributed to increase conductivity from wide-spread rGO in 
the hybrid film. However, the MoS2/P-rGO exhibits an enhanced HER activity as evidence by lower 
onset potential. Moreover, sample’s light response at -0.9 V is 2 times higher than MoS2/as pre-rGO 
(under dark and light condition, the gap of about 10 mA and 5 mA, respectively). This indicates that 
electron pathway can increase by enhance interlayer’s conductivity which prevents recombination 
between electrons and holes by well dispersed rGO in the film. 
 As previous theoretical studies, MoS2-WS2 heterostructure has been reported to be useful for Photo-
catalysis and PEC
30, 92-93
. Likewise, multi-components and multi-layered hybrid PEC cell, composed 
of MoS2, WS2 and rGO, was investigated for PEC. To gain further insight into roles of each 
component for HER activity under the illumination, control experiments were carried out by adding or 
removing each component. Firstly, the multi-layered hybrid film, which is schematically shown in 
Figure 1.18, was measured following by fabrication process. As shown in figure 1.18a, bared ITO 
shows no light response. In other words, ITO substrate works as current pathway to metallic external 
circuits in this case. However, significant increase of current density is shown by adding rGO on ITO 
substrate (figure 1.18c), photo response spontaneously is observed. This result demonstrate, current 
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density is enhanced by conductivity of rGO and carbon based material was reported to have light 
response (increase of current density under illumination ~5%)
94
.This light response value is totally 
coherent to value previously reported. By adding 1T MoS2 layer (figure 1.18c), current density 
increases with metallic properties of 1T phase MoS2. Followed by adding a 1T WS2, sample was 
annealed at 300 
o
C to convert phase of TMD layer from 1T to 2H. As a result, enhancement of light 
response was shown as figure 1.18d. Interestingly, current density is rather decreased than film with 
1T phase. This result is attributed to change of TMD’s properties from metallic to semiconducting. On 
the other hand, by rendering semiconducting properties, it produces suitable band gap for solar 
spectrum absorption. In like manner to multi-layered structure hybrid, Roles of each component in 
multi-components layer are presented with the same effect of each layer Figure 1.19. To recap briefly, 
1T phase TMDs enhances conductivity by following this result, catalytic effect is improved at the 
same time. In addition, 2H phase TMD which renders semiconducting property result in more 
possibility of light absorption. rGO sheets help to avoid electron-hole pair’s recombination. With 
these result of material’s roles, enhanced PEC efficiency was achieved by phase transition of TMDs 
and modification of conductivity as shown in Figure 1.20. As synergetic effect of each layer, HER 
performance and light response are noticeably improved in both of multi-layered and multi-
components hybrid system. To obtain further insight into HER activity of the each sample, j-t curves 
and H2 evolution rate were determined. It is known that graphene forms p-n nanojunctions with MoS2 
sheets, enhancing the charge separation
95
. For this reason, we studied if light could further improve 
the electrocatalytic activity of the multi-layered and multi-components hybrid system for HER. Figure 
1.21a,b shows j-t curves obtained at -0.8 V vs Ag/AgCl under light and dark conditions. 2H MoS2 
sample which prepared by vacuum filtration method shows a percentage increase of 37 % in the 
current density, whereas 1T MoS2/2H WS2/2H MoS2/rGO multi-layered structure is 50 % showing 
better performance. In the case of multi-components structure (1T MoS2/2H WS2 2H MoS2/rGO), a 
percentage in current density is 53 %, which is competitive value to previous PEC studies by 2D 
material
94, 96
.In addition, the currents always exhibit good switching behaviors with the pulsed 
illumination at any one potential, indicating further the photocurrent can be reproducibly enhanced by 
introducing light illumination. However, H2 evolution rate was displayed in Figure 1.21c,d, the 
precedent report revealed MoS2/Graphene composites do not show any photocatalytic HER activities 
and thereby can be used as cocatalyst
97
. In contrast, our H2 evolution results are fully consistent with 
values previously reported in literature as MoS2/Graphene using as cocatalyst
97
. Our competitive 
results could be influenced by three factors from the facile vacuum filtration: (1) Combination of 
superior properties from each TMDs phase that compromises proper light absorption and catalytic 
activity from 2H and 1T phases. (2) The effect of rGO sheets that can set aside high conductivity to 
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facilitate separation of electron-hole pair. (3) Possibility of thin film fabrication that achieve to avoid 
and acute drop in PEC efficiency with increasing film thickness. For these reasons, it can be motivate 
to design further TMD/Graphene based hybrid PEC cell for HER which is demonstrated as energy 
conversion by integrating the complementary material such as catalytically active material and light 
absorbers. 
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Figure 1.10 Characterization of MoS2/CVD grown graphene hybrid films. (a) SEM and (b) Raman 
spectra of as grown graphene by CVD; (d) Raman mapping image of hybrid film for E2g mode from 
MoS2, and (d) G band from graphene.   
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Figure 1.11 Characterization of MoS2/GO prepared by Langmuir Blodgett method. SEM and AFM 
image of as prepared GO by LB method (a) and spin coated MoS2 on LB GO (b); (c) Raman images 
of MoS2/LB GO hybrid film using the intensity of E2g from MoS2 and G from GO; (d) schematic 
illustration of preparation method; (e) Polarization curves of the sample. 
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Figure 1.12 Characterization of MoS2/TBA GO prepared by attaching tetrabutylammonium. SEM 
image of as-prepared TBA GO by spin coating (a) and MoS2/TBA GO hybrid film; Raman images of 
the hybrid film by using intensity of E2g from MoS2 (c) and G band from graphene (d).  
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Figure 1.13 (a) Photograph of the facile vacuum filtration method; (b) AFM image of MoS2 film using 
0.04 mg MoS2 (left) and 0.2 mg MoS2 (right), inset : SEM image of corresponding samples; (c) 
photograph of the samples on various substrate (left) and the sample with radius about 2.5 inch (right).  
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Figure 1.14 Phase transition of MoS2 from 1T to 2H. UV-vis spectra (a) and photoluminescence (b) of 
MoS2 phase; (3) XPS spectra showing Mo 3d, S 2s. Upper: 1T MoS2, bottom: 2H MoS2. prepared by 
annealing at 300 
o
C. 
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Figure 1.15 (a) Schematic illustration of GO dispersion into the KOH solution; photograph of 
aggregation of the sheets in the mixture solution (MoS2 and rGO)(bottom); (c) zeta-potential of hybrid 
sheets; (d) EDS image of the samples, inset: components of the corresponding sample.  
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Figure 1.16 SEM image of MoS2/P-rGO and MoS2/as pre-rGO, Inset: high magnitude SEM image.  
 
 
 
 
 
 
 
 
 
 
Figure 1.17 Polarization curves of MoS2/as pre-rGO and MoS2/p-rGO  
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Figure 1.18 Polarization curves of multi-layered hybrid films following by process. Stacking each 
layer step by step: a→b→c→d.  
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Figure 1.19 Polarization curves of multi-components hybrid film. Investigation of each component for 
rGO (a) and add layer as 1T MoS2 (b).  
 
Figure 1.20 Polarization curves of optimized multi-layered hybrid film (a) and optimized multi-
components hybrid film (b).  
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Figure 1.21 j-t curves of MoS2 (a) and optimized multi-layered hybrid film (b); Photocatalytic H2 
evolution activities of MoS2 (c) and optimized multi-layered hybrid film (d). 
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1.5 Conclusion 
 
In summary, our investigation of fabrication method for the hybrid film opens new possibility to 
apply TMD based material into a wide range of applications. Specifically, the work using a facile 
vacuum filtration method presents development potential and direction to design the PEC cell as form 
of film. Facile vacuum filtration method can produce scalable hybrid film, which has been recently 
attracted attention and facilitate to be transferred to various substrates. It is also likely to control the 
thickness of hybrid film by adjustment of the solution concertation used for filtration. According to 
these controllable fabrication method, uniform and well mixed among the entire component as a film, 
referred as multi-component hybrid film, can be prepared, in addition stacking every single layer step 
by step to produce multi-layered hybrid film. These processes helps to enhance the conductivity of 
hybrid film by well spreading rGO sheet, thus allowing to improve separation of electron hole pair in 
the PEC system. Moreover, such strategy facilitates to integrate suitable material and anneal the 
sample at high temperature to converse the phase of the TMDs in order to enhance 
photoelectrocatalytic activity for HER. By following this integration of the 2D material and phase 
engineering, performance of PEC for HER has been improved. Hybrid structure shows an 
enhancement of the current density 2 times higher than MoS2 prepared by the same method under 
illumination condition. This is attributed to the role of rGO, which improves conductivity in the layer, 
and heterojunction of TMDs (WS2-MoS2) to broaden absorption range of the light and increase 
catalytic activity for HER.   
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